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Sorption of selected pharmaceuticals by a river sediment: role
and mechanisms of sediment or Aldrich humic substances
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Abstract
Sorption of pharmaceuticals onto sediments is frequently related to organic matter content. Thus, the present work aimed to
compare the effect of humic substances (HS) extracted from a river sediment versus Aldrich (HS) on the sorption of selected
pharmaceuticals onto this river sediment. The results exhibited no Bunique^ effect of the presence of HS from the same origin.
Thus, the sediment HS increased the sorption of sulfamethoxazole (SMX), diclofenac (DCF), and trimethoprim (TMP), but
reduced the sorption of atenolol (ATN). The presence of Aldrich HS increased the sorption of TMP and ATN and decreased the
sorption of SMX and DCF. Fluorescence quenching measurements revealed that these effects cannot be explained only by the
presence of pharmaceutical HS associations. The use of several sorption models suggested that the sorption of SMX, DCF, and
ATN involves multilayer mechanisms. Furthermore, it was pointed out that the presence of HS does not change the sorption
mechanisms although it was observed interaction between HS and the sediment. Indeed, the sediment HS sorbs onto the sediment
whereas the Aldrich HS tends to mobilize organic compounds from the sediment to the solution.
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Introduction

A large number of pharmaceutical compounds are regularly
found in surface water and groundwater samples (Aga 2007;
Barnes et al. 2008). Through a comprehensive literature re-
view of publications and review articles, Aus der Beek et al.
(2016) showed that pharmaceuticals or their metabolites and
transformation products have been detected in the environ-
ment of 71 countries covering all continents. The dissemina-
tion of pharmaceuticals is now unanimously considered as an
essential environmental health issue (Bradley et al. 2016), and
some compounds have been proposed to be added to the
Bpriority substances watchlists^ (de Voogt et al. 2009;

Environmental Protection Agency U.S. 2012; European
Commision 2013). Despite the low concentrations of pharma-
ceuticals generally observed into the environments (nb. from
ng L−1 to μg L−1 in natural waters (Aga 2007)), some adverse
effects have been reported in freshwater or marine ecosys-
tems. For example, the study of Pinckney et al. (2013) report-
ed that the exposure of benthic microalgal communities in the
North inlet estuary (USA) to tylosin (an antimicrobial) in sed-
iments resulted in reduction of microalgal biomass and prima-
ry productivity and retarded diatom growth. Some neuro-
active pharmaceuticals have also seemed to alter the reproduc-
tive behavior of fish leaving fear a potential decrease of their
populations. Diclofenac, a widely used non-steroidal anti-in-
flammatory drug, has been shown to damage the gills and
lungs of fish (Gilbert 2012). Furthermore, the question of the
possible chronic exposure of humans to pharmaceuticals is
increasingly raised (Mennigen et al. 2011) since many phar-
maceuticals have been also detected in tap/drinking waters
(Aga 2007; Padhye et al. 2014).

This large presence of pharmaceuticals into the environ-
ment is mainly attributed to wastewater discharges, although
emissions from industrial production, hospitals, agriculture,
and aquaculture are important locally (Chonova et al. 2017).
Indeed, conventional wastewater treatment plants (WWTP)
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are unable to completely remove most of the pharmaceuticals.
For example, the removal of carbamazepine is close to 3.5%
but reaches 99.9% for paracetamol (Chonova et al. 2016).
Furthermore, the efficiency of the pharmaceutical removal is
strongly dependent on the treatment technology. In general,
the WWTP involving trickling filter beds resulted in less than
70% removal, while the WWTP using activated sludge treat-
ment gave a much higher removal efficiency of over 85%
(Kasprzyk-Hordern et al. 2010). Currently, many WWTP in
Europe are being equipped with ozonation or activated carbon
processes to effectively reduce pharmaceutical residues
(Okuda et al. 2008).

Once in the environment, various processes control the fate
of pharmaceuticals. In surface waters, it was widely shown
that biotransformation, photolysis, and sorption to sediments
and biofilms are the most important (Ramil et al. 2010; Radke
et al. 2010; Kunkel and Radke 2012; Li et al. 2016). They can
occur on Bfree^ pharmaceuticals or on their associated form.
Indeed, pharmaceuticals can be associated with dissolved or-
ganic matter (Hernandez-Ruiz et al. 2012; Peng et al. 2014),
ions (Kümmerer 2009), or suspended particles such as clays,
silts, or oxides (Bekçi et al. 2006; Avisar et al. 2010). The
accumulation of pharmaceuticals in waters or in sediments
appears the pathway of highest importance (Radke and
Maier 2014), although microbial transformations largely con-
tribute to their removal (Lewandowski et al. 2011; Riml et al.
2013; Li et al. 2016). Sediment particles are over time a res-
ervoir for the accumulation of pharmaceuticals in freshwater
ecosystems and can act as a secondary pollution source from
which pharmaceuticals can be released by changes in environ-
mental conditions (e.g., pH and salinity) (Liang et al. 2013).
Contaminated sediments can be also resuspended during
storm events, re-exposing aquatic biota to these compounds
(Gaw et al. 2014).

Typical concentrations observed in river sediments generally
range from nanograms per gram to several micrograms per
gram (Kümmerer 2009). Several pharmaceutical compounds
belonging to different therapeutic groups (analgesics and anti-
inflammatory drugs, anti-ulcer agent, psychiatric drugs, antiep-
ileptic drug, antibiotics, ß-blockers, diuretics, lipid regulator
and cholesterol lowering statin drugs, and anti-histamines) have
been detected in surface sediments or sediment cores (Tamtam
et al. 2011; Matongo et al. 2015; Radović et al. 2016). Thus, 34
pharmaceutical compounds have been found in sediments of
the Ebro river in northeast of Spain (da Silva et al. 2011). Zhou
et al. (2011) and Hu et al. (2012) found until 17 common anti-
biotics (including fluoroquinolones, tetracyclines, sulfon-
amides, and macrolides) in the sediments of the Yellow River,
Hai River, Liao River, or Dagu River in northern China.
Various estrogens (diethylstilbestrol, estrone, β-estradiol, estri-
ol, 17α-ethynylestradiol, andβ-estradiol 17-valerate) were also
identified in sediments from three rivers in Tianjin area in China
(Lei et al. 2009). Varga et al. (2010) found many acidic

pharmaceuticals (ibuprofen, naproxen, ketoprofen, and
diclofenac) in the Danube river sediments in Budapest
(Hungary). Other recent studies on sediments also highlight that
both parent compounds and transformation products or metab-
olites are currently found in sediments. Thus, dehydrated eryth-
romycin (nb. the main gastric metabolite of erythromycin) was
found in San Francisco Bay in the USA (3.4 ng g−1)
(Klosterhaus et al. 2013) and in the Pearl River estuary in
China (0.7–14 ng g−1) (Liang et al. 2013). Langford and
Thomas (2011) reported also traces of α-hydroxy metoprolol
(1–3 ng g−1) and simvastatin hydroxy carboxylic acid (2–
4 ng g−1) in sediments collected from fjord in Norway.

The sorption and mobility of pharmaceuticals have been
frequently related to the presence of organic matter. Thus,
Varga et al. (2010) indicated that accumulation of pharmaceu-
ticals in sediments depends on the pharmaceutical concentra-
tion in aqueous phase, the properties of the compound (solu-
bility, pKa, and log Kow), and the total organic carbon content
of the sediment. Li and Zhang (2016) observed that the ad-
sorption of oxytetracycline on sediments is strongly related to
the organic carbon (OC) content. Lai et al. (2000) found also a
strong correlation between sorption of estrogens and total or-
ganic carbon content. There is also other evidence that differ-
ent processes involving sediment organic matter (e.g., hydro-
phobic partitioning, hydrogen bonding, and interactions be-
tween π-electrons) contribute to the sorption of steroid hor-
mones in sediments (Aga 2007). Several authors have pointed
out that most of pharmaceuticals can also bind with dissolved
organic matter (DOM) because of the presence of a wide di-
versity of functional groups (Yamamoto et al. 2003; Gu et al.
2007; Sun et al. 2007; Bai et al. 2008). However, only few
studies have shown that sorption is related not only to DOM
content but also to the composition and consequently the
origin of the OM. Oh et al. (2016) investigated the effect of
dissolved organic matter model compounds (citrate and urea)
on the ibuprofen sorption in sediments. They observed that the
presence of citrate hinders the sorption of ibuprofen but urea
did not. Moreover, the humic substances (HS) play also a
critical role in sorption of pharmaceuticals (such as endocrine
disruptors). Sun et al. (2006) showed that the Koc values for
HS are comparable with the Koc values for raw sediments and
highly dependent on the physicochemical properties of HS.

In surface waters, the composition of DOM may have to
change with seasons or with storm/run off events in water-
shed. However, the effect of changes in the origin of DOM
is not well understood, especially for the sorption of pharma-
ceuticals onto sediments. Thus, the present work proposed to
compare the effect of humic substances extracted from a river
sediment versus Aldrich humic substances on the sorption of
selected pharmaceuticals (sulfamethoxazole, diclofenac, aten-
olol, and trimethoprim) onto this sediment. The study of clas-
sical sorption models and fluorescence quenching measure-
ments was used to unravel the sorption mechanisms.
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Materials and methods

Sediment collection and preparation

About 60 L of a river sediment was collected in the Clain river
upstream the city of Poitiers (France; GPS coordinates
46.53994, 0.330248). The sediment was frozen at − 80 °C,
freeze-dried, passed through a 630-μm Ø sieve to remove
debris, and then stored in sealed amber glass bottles at room
temperature before use. The main physical and chemical prop-
erties of this sediment are given in Table SI-1 (in supplemen-
tary material). Briefly, the Clain sediment is characterized by a
pH of 7.1, a sandy loam texture, and a high content in calcium
carbonate (37 ± 4%) and organic matter (18 ± 3%).

Chemicals and standards

Pharmaceutical compounds of analytical grade were pur-
chased from Sigma-Aldrich for sulfamethoxazole (SMX), tri-
methoprim (TMP), atenolol (ATN), and diclofenac (DCF).
Stock solutions of individual pharmaceuticals at a concentra-
tion of 150 mg L−1 were prepared every 2 days in Milli-Q
water and stored in the dark at 4 °C. Working solutions were
freshly prepared daily for sorption experiments or analysis.

Humic substances preparation

Extraction and fractionation of sediment humic substances

In sediment HS case, HS were extracted from the sediment
following a modified version of the extraction scheme defined
by the International Humic Substances Society (IHSS) for
soil. Briefly, 160 g of sediment was mixed with 16 mL of
H3PO4 at 0.3 M to solubilize carbonate. The mixture was
shaken for 4 h and the supernatant was collected by centrifu-
gation at 12,000g. Then, 32 mL of NaOH at 0.1 M (pH 12)
was added to the sediment under a nitrogen stream to avoid
oxidation of phenolic groups. The mixture was shaken for
12 hmore and the supernatant was collected by centrifugation.
The two supernatants were pooled and then diluted in 10 L of
Milli-Q water.

After adjustment to pH = 2, HS were finally extracted by
sorption on a glass column filled with 250 ml of XAD 8 resin
(Supelco) (Thurman and Malcolm 1981). At pH = 2, the sed-
iment humic substances (sediment HS) were retained on the
XAD 8 resin whereas the fraction not retained on the resin
corresponds to the non-humic substances. HS were recovered
from the resin with a solution of acetonitrile in water (75:25,
v/v). Acetonitrile was finally evaporated in a rotary evaporator
and then, HS were freeze-dried. The proportions of extracted
fractions are then calculated by reference to the total DOC
content of the sample.

Aldrich HS preparation

Aldrich HS was chosen to study a HS from another origin, and
non-sedimentary humic substances were purchased from Sigma
Aldrich. The Aldrich humic acid is known to represent a good
model for humic substances and is frequently used as a reference
organic matter (Bob and Walker 2001). These HS are extracted
from coal by base extraction. A stock solution of AldrichHSwas
prepared from the dissolution of 10 g in 1 L ofMilli-Qwater. The
pH was then adjusted to 12 with NaOH 1 M and humines were
removed by centrifugation at 12,000g for 10 min. The superna-
tant was acidified at pH 2 with H3PO4 and filtered on a 0.45-μm
PVDF membrane. The final solution was freeze-dried.

Fresh stock solutions of sediment HS or Aldrich HS were
prepared before each series of experiments.

Humic substances characterization

Flash pyrolysis-gas chromatography/mass spectrometry was
used to confirm the presence of differences in the composition
between the two HS. Results were presented in SI (Fig. SI).
Briefly, a quartz reaction tube was packed with 1 mg of dry
sample and short quartz wool. The tube is then placed into the
platinum filament of the Pyroprobe 1000 pyrolyzer (Chemical
Data Systems, Oxford, Pa.). Upon rapid heating at high tem-
perature (50 to 650 °C at 20 °C ms−1), organic matter is degrad-
ed into low molecular weight thermal decomposition products.

Separation and identification of pyrolysis products were
performed on a Hewlett Packard 5890 Series II Plus gas chro-
matograph coupled to a mass spectrometer (HP 5972 operat-
ing at 70 eV). The system is equipped with a BP 20 (SGE
Analytical Science) fused silica capillary column (30 m,
0.25 mm i.d. with 1.0 μm of film thickness). The injector
temperature was 280 °C, and the detector temperature was
300 °C. The ovenwas programmedwith an initial temperature
of 50 °C, and the temperature was ramped to 240 °C at
4 °C min−1 and held for 2 min. Helium was used as the carrier
gas at a constant flow rate of 1.0 mL min−1.

Sorption of pharmaceuticals onto the sediment

Sorption procedure

Sorption experiments were performed in 50-mL centrifuga-
tion tubes from 1 g of sediment in contact with 4 mL of
MilliQ water. Tubes were then horizontally shaken for 24 h
in the dark at 25 °C. After this equilibration period, 1 mL of
pharmaceutical solution was added to reach the initial concen-
tration for the isotherm (0.3, 0.6, 1.5, 3.0, and 6.0 mg L−1) and
then, tubes were re-shaken for 24 h. One milliliter of superna-
tant was sampled, centrifuged (12,000g for 10 min), and fil-
tered on 0.45-μm PVDF filter (Mini-Uni prepTM, Millipore,
USA). Finally, the filtrate was diluted 200 times in a water/
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MeOH solution (90/10, v/v) prior to UHPLC-MS/MS analy-
sis. Two tubes (i.e., repetition) were performed for each con-
dition. The pH of these experiments was free but systematic
measurements showed that it stayed at 7.1 during the experi-
ments, i.e., the pH value of the Clain river sediment.

Effect of dissolved organic matter

Other sorption experiments were carried out in the presence of
sediment HS or Aldrich HS. The amount of HS added (~
100 mg C L−1) was similar to the water-soluble sediment carbon
(WSSC ~ 85 mg C L−1) extracted of sediment by MilliQ water.
Thus, after the equilibration period (see sorption procedure de-
scribed above), the supernatant was centrifuged (12,000g for
5 min) and replaced by 4 mL of HS. Then, 1 mL of pharmaceu-
tical solution was added to reach the same concentrations than
those applied in the absence of HS. Tubes were re-shaken for
24 h. Finally, the supernatant was collected, centrifuged, and
filtered on 0.45-μm PVDF filter for UHPLC-MS/MS analysis.

Dissolved organic carbon (DOC) content was measured
with a TOC V-CSH analyzer (Shimadzu). Specific UVabsor-
bance (SUVA) was calculated from the UVabsorbance of the
solution at 254 nm (CaryUV 50, Agilent) divided by the dis-
solved organic carbon content.

Pharmaceutical analysis

Pharmaceuticals were separated by high-pressure liquid chro-
matography on an Acquity UPLC®BEH C18 column (2.1 ×
100 mm, 1.7 μm; Waters) with methanol/water both acidified
with 0.3% formic acid. The liquid chromatography was
coupled to a Q-Exactive Orbitrap™ mass spectrometer
(Thermo Fisher Scientific) that combines high-performance
quadrupole precursor selection with high-resolution/accu-
rate-mass detection. All pharmaceuticals were detected using
an electrospray ion source operating in positive mode. Data
acquisition and processing were done using Xcalibur 2.2 soft-
ware (Thermo Fisher Scientific). Quantification was done ac-
cording to the external standard method.

Complementary information about the parameters used for
pharmaceutical analysis is given in Supplementary material
(Table SI-2).

Sorption isotherm models

Four Bclassical^ models were used to describe the sorption
data because the isotherm patterns were shown either linear
or non-linear:

& The linear model: Qe =Kd. Ce

where Qe (mg kg−1) is the solid-phase equilibrium concentra-
tion, Ce (mg L−1) is the aqueous phase equilibrium

concentration, and Kd is the distribution coefficient in the
linear model.

& The Freundlich model: Qe =KF. Ce
1/n

where KF (L kg−1) is the Freundlich distribution coefficient
and n is a parameter related to the adsorption intensity.

& The Langmuir model: Qe ¼ KL:Qmax:Ce
1þKL:Ce

whereKL (L kg−1) is the Langmuir distribution coefficient and
Qmax is the maximum adsorption capacity (mg kg−1).

& The Brunauer, Emmett et Teller (BET) model:

Qe ¼ qm
KS :Ce: 1− nþ 1ð Þ Kl:Ceð Þn þ n Kl:Ceð Þnþ1

h i

1−Kl:Ceð Þ: 1þ KS

Kl
−1

� �
Kl:Ce−

KS

Kl

� �
: Kl:Ceð Þnþ1

� �

where Ks and Kl are the equilibrium constants of adsorption
for the first layer and for upper layers, respectively, and n is the
number of layers. For n = 1, the BETmodel corresponds to the
Langmuir model equation.

The sorption model parameters were determined by using
the Sigma Plot software package (fit module).

DOM pharmaceutical association in solution

To determine affinity between pharmaceuticals and DOM, the
fluorescence quenching method was used (Yamamoto et al.
2003, 2005; Métivier et al. 2013). Thus, solutions of DOM
(Aldrich HS, sediment HS, WSSC, and mix between them)
were prepared at 5 mg C L−1 in a pH = 7 phosphate buffer
(25 mM NaH2PO4 + 25 mM Na2HPO4). Then, DOM solu-
tions were supplied with various concentrations of pharma-
ceutical (from 0 to 30 mg L−1). After pharmaceutical addition,
the solution was shaken for 30 min to reach equilibrium of
interaction between DOM and pharmaceutical. Two replicates
were performed. Then, fluorescence emission-excitation ma-
trix (EEM) of these solutions was measured with a spectroflu-
orometer FluoroMax-4 (Horiba Jobin Yvon). EEM was col-
lected with an excitation increment scan at 5 nm within an
excitation range of 230–400 nm and an emission range of
300–550 nm with a 1-nm increment. The excitation and emis-
sion slit was set at 10 nm, while the scanning speed was set on
fast with high sensitivity. Measurements were performed with
a 150 W Xenon lamp in a 1.0-cm quartz cuvette at 20 ± 1 °C.

One fluorescence region sensitive to the addition of the
different pharmaceuticals was observed for the fluorescence
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quenching study. This region is located in the humic-like peak
or peak A depicted by Chen et al. (2003).

Fluorescence intensity of the peak A was analyzed using
the Stern-Volmer equation:

F0=F ¼ 1þ Kaff :Ce

where F0 and F are the fluorescence intensities in the absence
and presence of pharmaceutical, respectively, and Kaff is the
Stern-Volmer constant (binding constant) and Ce the concen-
tration of pharmaceutical.

Results and discussion

Sorption of pharmaceuticals onto the sediment

The sorption experiments performed onto the Clain river sed-
iment highlighted different behavior for the four pharmaceu-
ticals (Fig. 1). Thus, the most important sorption is observed
for TMP and then for ATN (Kd = 282 and 137 L kg−1, respec-
tively). On the contrary, the sorption is low for DCF and SMX
(Kd = 9 and 3 L kg−1, respectively). It should be noted that
only few studies report Kd values for the sorption of these
compounds onto sediment, unlike soils. Thus, Pereira Leal
et al. (2013) reported Kd values from 0.7 to 28.2 L kg−1 for
SMX in 13 Brazilian soils. The content of organic matter is
generally correlated with the sorption of this compound. For
example, Drillia et al. (2005) found for SMX Kd of 37.2 and
0.28 L kg−1 for soils with 7.1 and 0.42% of organic matter.
These authors have also noted a significant influence of the
OM content for DCF (Kd values from 164.5 L kg−1 at 7.1% of
OM to 0.45 L kg−1 at 0.42% of OM).

An overview of literature data did not suggest a
Bconventional^ high sorption of TMP and ATN onto soils or
sediment, like it is observed for the Clain sediment. Thus, Lin
and Gan (2011) observed Kd values that do not exceed

7.4 L kg−1 and Zhang et al. (2014) of 6.73–9.21 L kg−1 in
soils for TMP. Many works observed generally low Kd values
for ATN in river sediments: 8.1 L kg−1 Yamamoto et al.
(2005); 1.3–8.1 L kg−1 (Yamamoto et al. 2009); 7.93
(Martínez-Hernández et al. 2014); 0.85–4 L kg−1 (Schaffer
et al. 2012) et 9.31 L kg−1 (Al-Khazrajy and Boxall 2016) in
a range of pH from 6.2 to 8.7.

The pKa of the pharmaceuticals tested are ATN = 9.6,
TMP = 7.2, SMX= 5.6, and DCF = 4.1. Thus, the difference
of physicochemical properties (see Table SI-3 in supplemen-
tary material) between the four pharmaceuticals could explain
their different behavior because the pH of sorption experiment
was 7.1.

The results suggest that the presence of negative species of
SMX and DCF disadvantages the sorption onto the sediment,
which the inorganic and organic sediment particles are
negatively charged at the pH values of natural waters. On
the contrary, the absence of charge for ATN and TMP might
lead to less repulsion with the sediment constituents.
Kulshrestha et al. (2004) indicated that different species in-
volved different mechanism for pharmaceutical sediment in-
teractions. Thus, cation exchange has been proven to be the
most important mechanism for the sorption of pharmaceutical
cation species, while for the zwitterion species, surface com-
plexation and hydrophobic interactions are important (Pan
et al. 2009).

It is worth noting that no significant relation (R2 = 0.23, see
Fig. SI-2) was observed between the Kd values and the log P
of pharmaceuticals, suggesting that hydrophobic interaction is
not the principal mechanism of sorption onto the Clain river
sediment.

Sorption of pharmaceuticals in the presence of humic
substances

Sorption experiments performed in the presence of HS show a
change of the sorption of the four compounds (Fig. 2). Three

Fig. 1 Sorption isotherms of
atenolol (ATN), diclofenac
(DCF), sulfamethoxazole (SMX),
and trimethoprim (TMP) onto the
Clain sediment. Equations and R-
squared (R2) refer to the linear
model of sorption
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different behaviors were observed. For SMX and DCF (pKa
< pH), the presence of Aldrich HS decreases the sorption
whereas the presence of sediment HS increase it. Thus,
KdSMX = 2.5 and 3.8 L kg−1 with Aldrich HS and sediment
HS, respectively, and KdDCF = 7.1 and 17 L kg−1, respectively.
On the other hand, the sorption of TMP (pKa ≈ pH) was in-
creased in the presence of Aldrich HS (KdTMP = 414.9 L kg−1)
or sediment HS (KdTMP = 395.9 L kg−1). The presence of
Aldrich HS slightly increases the sorption of ATN (pKa >
pH) whereas the presence of sediment HS decreases it.
Thus, KdATN = 158.2 and 108.5 L kg−1 with Adrich HS and
sediment HS, respectively. All these findings exhibit that HS
may have an enhancing or a limiting effect on the sorption of
pharmaceuticals. Oh et al. (2016) reported also that ibuprofen
can bemore easily sorbed onto river sediments in environment
simulating low DOM concentrations. Other studies observed
that the presence of DOM decrease the sorption of oxytetra-
cycline on clays (Kulshrestha et al. 2004). Similar conclusions
were also reported for the sorption of pharmaceuticals onto
different solids (activated carbons, clays, biochar) (de Ridder
et al. 2011; Lin et al. 2017). All these different works confirm
that the formation of pharmaceutical DOM associations can
affect sorption. Thus, the presence of DOM may disturb the
sorption by acting through direct competition with the phar-
maceuticals (i.e., formation of pharmaceutical DOM associa-
tions with low affinity for sediment particles) or by blocking

the pharmaceuticals accessibility to sites (Gu et al. 2007). The
difference observed between the two HS are probably related
to their different physicochemical properties (including bind-
ing affinity, charges, hydrophobicity…) that may occur in the
sorption phenomena.

The results also highlight that the effect of HS depends
strongly on their origin. It is worth noting that the HS Bnative^
from the sediment induces no Bspecific^ effect on the sorption
of the studied pharmaceuticals. No systematic increase or de-
crease was observed with the sediment HS. Consequently, the
formation of HS in sediment or their remobilization (e.g., dur-
ing floods or storm events) impacts differently the ability of
the Clain river sediment to sorb each pharmaceutical.

Study of the sorption mechanisms

Sorption isotherm models

Classical sorption models were used to describe sorption data
and to highlight changes in the sorption mechanisms induced
by the presence of HS (Table 1).

This approach by Bmodels^ was first performed on sorp-
tion isotherm realized without HS supply. The sorption iso-
therms of the four pharmaceuticals are well described by the
linear model and the Freundlich model in concordance of
literature. Thus, the linear isotherm model was frequently

Fig. 2 Isotherms for sorption of atenolol (ATN), diclofenac (DCF), sulfamethoxazole (SMX), and trimethoprim (TMP) onto the Clain sediment in the
presence or absence of Aldrich HS or sediment HS
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found efficient for the sorption isotherms of several pharma-
ceuticals onto fine sediments (Drillia et al. 2005; Schaffer
et al. 2012; Styszko 2016). Other works (Kim et al. 2007;
Ramil et al. 2010; Martínez-Hernández et al. 2014; Radović
et al. 2016) pointed out that sorption isotherms of pharmaceu-
ticals onto soils or sediments are better fitted with the
Freundlich model. The present results show also that DCF,
SMX, and ATN isotherm sorption are also well fitted by the
BETmodel, which suggests a multilayer sorption mechanism.
On the contrary, TMP seems to involve a monolayer sorption

mechanism as suggested by the Langmuir model. Zhong et al.
(2013) found that the Langmuir model described the adsorp-
tion process of some pharmaceuticals (e.g., sulfonamides) on
river sediments better than the Freundlich model.

The approach by Bmodels^ also highlights that the pres-
ence of HS does not change drastically the sorption mecha-
nisms. Using the BET model, the Aldrich HS supply does not
change the number of sorption layers determined for SMX
(n = 8 or 6) and DCF (n = 3 or 2), but increased when sediment
HS were used (from n = 6 to 18 and from n = 1 to 21 for SMX

Fig. 3 Binding constants for atenolol (ATN), diclofenac (DCF), sulfamethoxazole (SMX), and trimethoprim (TMP)with water-soluble sediment organic
matter and Aldrich or sediment HS. (Standard deviations were obtained from two replicate of fluorescence quenching experiments)

Fig. 4 Evolution of SUVA (a) and DOC (b) during isotherm experiments
performed in the presence or absence of Aldrich or sediment HS. t = 0 is
collected after 5 min of contact between sediment and solution; t = 24 h is

collected at the end of the isotherm experiment. (Standard deviations were
obtained from three replicate experiments)
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and DCF, respectively, Table 1). These findings suggest that
the sediment HS favors the formation of multilayers which
lead to an increase in the sorption of SMX and DCF. No
change was observed for the modelization of the TMP sorp-
tion isotherms (i.e., BET model still leads to aberrant values).

The presence of pharmaceutical HS association in solution

The fluorescence measurements showed a significant
quenching of the signal of organic matters in the presence of
SMX, DCF, and TMP. Thus, binding constants (Kaff) could be
determined for these three pharmaceuticals, suggesting that
they form associations with the Aldrich or sediment HS and
also with the WSSC. The results (Fig. 3) exhibit higher bind-
ing constants for SMX (22 103–36 103 L kg−1) than for DCF
and TMP (7.2 103–9.8 103 L kg−1 and 4.6 103–7.8 103 L kg−1,
respectively). No significant difference was found between
the two studied HS whereas Mori et al. (2010) pointed out
different binding affinities to pharmaceuticals for ten different
humic materials. The only difference observed concerns the
binding constant of SMX which is much higher in the pres-
ence of HS than only in the WSSC. No major difference was
observed for DCF and TMP.

The results point out also that ATN does not induce
quenching with the WSSC. It forms only associations with
the Aldrich and sediment HS, but the binding constants are
low (3.2 102 and 5.1 103 L kg−1, respectively). Yamamoto
et al. (2005) found also a low binding constant for ATN with
the Suwannee river organic matter (1.1 102 L kg−1).
Nevertheless, other works (Mori et al. 2010) showed that
ATN can have high affinity for some humic material.

It is also worth noting that the compounds with the highest
binding constants (i.e., pharmaceutical-dissolved organic mat-
ter association) have the lowest sorption constants (i.e., Kd
values). Consequently, competition effects between DOM
and sediment particles seem to play an important role in the
sorption of pharmaceuticals onto the Clain river sediment.
Other studies have also shown that the presence of co-solute
(e.g., HS or model compounds) may affect the sorption or
desorption rates of organic contaminants (Xing and
Pignatello 1998; Faria and Young 2010). The binding con-
stants did not explain, however, why the sorption onto the
sediment can be increased or decreased in the presence of
sediment HS or Aldrich HS. Consequently, other mechanisms
than competition are probably involved in the sorption onto
the Clain river sediment.

Composition of solution

The XAD fractionation protocol used for extraction of the HS
provided also an overview of the repartition between humic
substances and non-humic substances (i.e., more hydrophilic
compounds). Thus, the XAD fractionation highlights that

sediment is mainly composed of humic substances (78%).
On the contrary, the WSSC is mainly composed of non-
humic substances (97%).

These observations reveal that the addition of HS (Aldrich
or sediment) widely changes the character of the solution dur-
ing the sorption experiments. Furthermore, the addition of
sediment HS probably re-equilibrates the Borganic matter
composition^ between the sediment and the solution. On the
contrary, the addition of Aldrich HS re-equilibrates also the
balance of hydrophobic compounds but these HS probably do
not have the same affinity/reactivity for this sediment due to
their non-sedimentary origin.

The specific UV absorbance values of the solution do not
change in the absence of HS whereas the values decrease in
the presence of Aldrich HS. This decrease is associated with
an increase of the DOC in the solution, which suggests that the
Aldrich HS causes a mobilization of organic matter from the
sediment to the solution (Fig. 4). On the contrary, the results
show also a decrease of the DOC and an increase of the SUVA
in the presence of sediment HS. This finding suggests a fixa-
tion of sediment HS from the solution onto the sediment. (nb.
it was considered that microbial activity was not sufficiently
effective/efficient at 24 h.) The sorption of DOC on natural
particles has already been highlighted by Vandenbruwane
et al. (2007). Consequently, the sorption/desorption of DOM
plays probably also an important role in the sorption of phar-
maceuticals onto the Clain river sediment. Furthermore, the
difference of behavior between the Aldrich HS and the sedi-
ment HS is not surprising since preferential interaction be-
tween certain components of humic substances (aliphatic vs.
aromatic) and mineral phases are reported in the literature
(Wang and Xing 2005). Gu et al. (2007) suggest that the ste-
reochemical arrangement of the functional groups on HS may
lead to preferential sorption of certain humic fractions.

Conclusion

This work confirmed that the presence of humic substances
influences the sorption of pharmaceuticals onto sediments.
Thus, the results point out that the presence of sediment HS
increases the sorption of SMX, DCF, and TMP, but slightly
reduces the sorption of ATN. Similarly, the presence of
Aldrich HS causes an increase of the sorption of TMP and
ATN and a decrease of the sorption of SMX and DCF.
Consequently, there is no Bunique effect^ induced by the ori-
gin of organic matter.

The use of an approach based on Bclassical sorption
models^ suggested that the sorption of SMX, DCF, and
ATN involves multilayer mechanisms. This approach also
pointed out that the presence of HS does not change the sorp-
tion mechanisms in the presence of sediment HS or Aldrich
HS.
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Difference of sorption observed with the two HS was at-
tributed to their behavior with the Clain sediment. Thus, a
possible sorption of the sediment HS onto the Clain sediment
was suggested from DOC measurements performed during
sorption experiments. Such phenomena might be attributed
to their common origin which lead probably to strong affini-
ties. On the contrary, the Aldrich HS has shown to induce a
mobilization of OM from the sediment to the solution.

The measurements performed by fluorescence quenching
supported the presence of pharmaceutical HS associations.
However, these associations do not explained increase or de-
crease in the pharmaceuticals sorption observed with one or
the other HS. Indeed, the results point out no major difference
of binding constants (Kapp) between the two HSwhereas sorp-
tion isotherms report significant difference of the distribution
coefficients (Kd).

Finally, this work shows that the sorption of pharmaceuti-
cals is a complex mechanism in which sediment properties,
pharmaceutical properties, and DOM origin interact to govern
sorption. Furthermore, other elements (e.g., ions, salinity)—
not considered in this work—have also an important role in
the sorption mechanisms. Thus, mechanistic studies are ur-
gently needed for a better understanding of the implication
of each compartment and to develop more pertinent model
for prediction of the sorption of pharmaceuticals.
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